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Data Analysis

The POLAR spacecraft is in a polar, 9 x 2 Rg orbit
that in April 1996, was in the noon-midnight merid-
ian plane with perigee over the south pole, making
diagonal passes through the midnight and noon ra-
diation belts. The Comprehensive Energetic Particle
and Pitch Angle Distribution experiment’s Imaging
Proton Spectrometer (CEPPAD/IPS) [Blake et al.,
(1995)], consists of a multiple solid state detectors
that measure ions between 15-1500 keV in 9 elevation
angles and 32 or less azimuthal bins. Three consec-
utive passes through the ring current (RC) starting
on April 14, 1996 are plotted (Figure 1), going from
midnight to noon over the south polar cap essentially
along the noon-midnight meridian. The MLT and
L-shell vary slightly with each pass, but are unim-
portant for the gross characteristics discussed here.
Panel (a) shows a typical pass with an energetic par-
ticle population whose average energy is proportional
to the |B| defining the RC, and with a dropout in the
middle of each pass corresponding to the fast perigee
pass over the south polar cap. It shows the adiabatic
energization expected from Liouville’s theorem, and
the consequent formation of the RC as an equilib-
rium distribution for ions diffusing in L-shell from a
source region in the plasmasheet [Sheldon and Gaffey
(1993)},
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Figure 1. POLAR/CEPPAD/IPS data on (a) April
14, and (b) April 14-15, and (c) April 15, 1996, dis-
playing energy spectra summed over pitch angles from
20-1500 keV.

Energy (keV)

On April 15, however, IPS detected two nearly mo-
noenergetic bands superposed on the night side RC
(panel b) at ~90 keV, and at ~40 keV. Unlike the RC,
these two bands dropped to lower energies with lower
L-shell, displaying an apparent non-adiabatic behav-
ior. The bands became less distinct on the dayside
and more sporadic, but apparently existed through-
out the RC pass. On the following pass, we find no
evidence for these bands other than a newly trapped
energetic component of the RC. To better understand
these ions, we examine only the lowest 8 energy chan-
nels and display the roll modulation as the spacecraft
rotates with spin axis perpendicular to the magnetic
field (Figure 2).

Nose Ions

We observed that the upper, ~90 keV band is
strongly peaked around 90° and the lower band is
peaked near 0°. This is reminiscent of “zipper” distri-
butions observed nearly continuously at these L-shells
by SCATHA {Fennell et al., (1981)] and CRRES (H.
Collin, private communication, 1997), though at ten
times the energy of the earlier observations. A care-
ful analysis of this event then, may shed light on the
zipper mechanism that operates nearly continuously
in the outer RC.

Figure 2. POLAR/CEPPAD/IPS data on April 15,
1996, displaying roll modulation of the counts in the
90° head in the energy bands from 18-138 keV. The
(+), and (dots) are 90° and 30° pitchangles.



Now a monoenergetic trapped population is possi-
ble when a strong cross-tail electric field drives ions
against the VB drift deep into the magnetosphere
[Smith and Hoffman (1974)]. Such a “nose” event
must be nearly 90° trapped particles because of the
large increase in |B| while convecting from the plas-
masheet, a characteristic of the upper energy band
in our data. These do not appear to be related to
substorm injections, since examination of substorm
injected ions shows them to be energy dispersed, as
well as much more isotropic than these. With only
these two options available, we identify our upper en-
ergy band with a nose event. Since nose events are
highly correlated with storms, and storms are defined
by Dst, we turn to the preliminary Dsr provided by
Kyoto University.

After subtracting the ionospheric Sg contribution
using the quietest day of the month, April 7-8, we
find a moderate storm of at least -63 nT on the first
hour of April 15. More significantly, we find a very
large asymmetric H-component (ASY=-200 nT) on
that day. Examination of the one-minute symmetric
H-component (Dst) show that a sudden increase pre-
ceded the storm decrease, thereby cancelling most of
the storm onset in the one-hour Dgr. This missing
current shows up clearly in the ASY component, lead-
ing us to believe that a stronger than normal electric
field and/or magnetopause compression had distorted
the RC, shifted the index from symmetric to asym-
metric, and disguised the magnitude of this storm in
Dgr. Additional support for the nose event identifi-
cation with a storm injection came from the extensive
GGS database.

Examination of WIND data [Ogilvie et al., (1995)]
(Figure 3) for April 14 showed that there were sev-
eral Bz<0 periods lasting for 1 hour or less. Cor-
responding CU and CL derived from the CANOPUS
array [Rostoker et al., (1995)] show that these periods
led to substorms with riometer absorption signatures
at auroral latitudes. However the storm trigger ap-
pears to be the strong southward turning of Bz~-10
nT occurring at 2000 UT, accompanied by a jump
in the solar wind speed from 450 km/s to 600 km/s,
which produced an even larger Bz in the compressed
magnetic field of the magnetosheath. This period of
strong southward By lasted about 3 hours, effectively
saturating the ability of the tail to shield out the po-

—lar cap potential. The IZMIRAN model [Papitashvili

et al., (1994)] predicted in excess of 150 kV across the
polar cap for these solar wind conditions.
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Figure 3. April 14-15, 1996 ISTP data showing: a)
CANOPUS CU; b) CL; and c) riometers at L=12,
8, 6.6, and 4.4; d) WIND/MFI Bz component; e)
WIND/SWE solar wind velocity; and f) ion density.

The CANOPUS array detected a magnetic bay, a
nearly equal response of CU and CL, suggesting that
the current systems had moved equatorward, over-
head of the magnetometers. Indeed, the Halley Bay
magnetometer at L~4 [Dudeney et al., (1995)] showed
a large H deflection with almost no Z deflection, in-
dicative of strong overhead currents. The ionosphere
responded strongly at this time (private communi-
cation, J. Aarons, 1996) with enhanced ionospheric
scintillations. While CANOPUS riometers at L>6
recorded very little activity, the one at L=4.4 as well
as Halley Bay, showed an extremely intense and nar-
row absorption feature at this time, indicating that
precipitation had penetrated to low latitudes, deep in
the magnetosphere and down to E-layer ionospheric
depths.

With complementary ground observations, we sur-
mise that after several intense substorms had pumped
up the plasmasheet, a strong convection field in-
jected the plasma to at least L=4.4, which PO-
LAR/CEPPAD observed as a 90 keV band. The large




asymmetric component of Dgr is evidence that this
current was observed by the low latitude stations.
The lack of a symmetric Dgr response is probably
due to the intense but brief (<3 hours) convection
electric field associated with this disturbance, which
is not enough time to circularize the RC injected in
the dusk sector, but not due to the lack of a storm
injection per se. Thus, despite the contrary magne-
tometer evidence, we categorize this event with other
storm injections as observed on 21 March and 23 Oc-
tober, 1996. We prefer to analyze this injection, how-
ever, because both peaks were unusually energetic
and well resolved in our instrument, which has an
energy threshold of 20 keV.

Field-Aligned Beam

The band of 40 keV field-aligned ions, however, are
harder to explain. They have the wrong pitchangles
to have convected in from the plasmasheet, because
the adiabatic decompression involved in backtracing
them to their origin would place them in the plas-
masheet loss cone. Nor would ions of this energy have
access to the plasmasheet simultaneously with the
higher energy, open drift orbit ions, since the magne-
tosphere is a “notch filter” for only one energy, which
implies that these ions are trapped on closed drift or-
bits. But if they undergo the same processes as the
adiabatically energized RC (see Figure 1), which can
be seen simultaneously with the banded distribution,
they would not be as monoenergetic, nor would they
track the energy of the nose ions so precisely. That is,
if they had resided for any length of time in the mag-
netosphere, the same convection that brought in the
plasmasheet ions would disperse these ions as well.
Nor do the pitchangles, the constant energy, and the
L-shell range of these field-aligned ions match the dis-
persed curves of a substorm injection. Thus we con-
clude that these field-aligned ions are not convected
from some boundary, but in situ accelerated during
the time of the measurement. This is a key point:
no published transport mechanism invoked in storms
or substorms can adequately reproduce this feature,
which brings us to the hesitant conclusion that these
field-aligned ions are energized “in place”.

The IPS experiment is a total ion instrument us-
ing solid state detectors with a well-known 50 keV
“dead” layer for oxygen, so that it cannot respond
to the oxygen flux in the field-aligned beam. The
POLAR/CAMMICE experiment, however, relies on
multi-channel plates and a carbon foil, with a lower,
30 keV threshold for Ot so that this lower energy

population is observable. Unfortunately CAMMICE
was turned off during this period, so we cannot de-
termine the E>30 keV O™ content for April 15, how-
ever when it was switched back on, around April 19,
it found an anomalously large amount of O™ in the
RC in two energy bands centered at 40 and 100 keV.
Because of the short lifetime of Ot against charge
exchange, such a measurement is consistent with a
storm injection at L=4-7 occurring only a few days
previously, since between storms, CAMMICE detects
no O" enhancements. A similar storm on March 21
with field-aligned beams showed that the IPS beams
are simultaneous in time and energy with the dou-
ble peaked O spectrum observed by CAMMICE. We
also note that POLAR/TIMAS (private communica-
tion W. K. Peterson, 1996) did detect E<20 keV O*
beams on April 15.

Therefore we conclude that on April 15 we are ob-
serving H* and O* ions accelerated to ~30-40 keV
in field-aligned beams, presumeably by strong parallel
electric fields in the ionosphere. Since these ions track
~50 keV below the nose ions, it appears there must
be a causal connection, which becomes more apparent
when we fit the spectral shape of these populations.

Peak Fits

The three spectral peaks all have differing shape so
that we have used three separate functional forms to
fit them. Adiabatic energization and diffusion explain
the highest energy RC peak, which we are able to fit
very well with a Gaussian in log(Energy) space. The
middle “nose” ion peak is represented in our instru-
ment by a response in only one or two channels, which
does not constrain the functional form very much. We
have chosen to fit this peak with a Gaussian in linear
space. The beam reflects a highly asymmetric shape
with a long tail toward lowest energies but a sharp
cutoff at high energies. After much experimentation,
we found that a Chapman layer function, described as
y = aexp(l+z —exp(z)), where z = (e —e;)/0; gave
the best fit with the fewest number of free parameters.
The 3-peak function was then:

Cts = a1 exp(1 + z — exp(z)) + a2 exp[(e — €3)?/203)
+ag exp[(log(e) — log(es))? /203]

We have thus fit 16 energy channels with 9 parame-
ters, carrying out this fii for consecutive 96 second av-
erages throughout the nightside pass, Figure 4, where
each panel corresponds to a vertical cut through the
data of Figure 1b.
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Figure 4. Successive 96s count spectra (symbols)
and three peak fit (line) for April 15 data set, corre-
sponding to vertical slices through the data of Figure
1b and Figure 2.

From each panel of the fits in Figure 4, we plot the
center energy and the width of the peak to demon-
strate how the three populations, beam, nose and
RC, evolve during this orbit (Figure 5). The RC is
adiabatically energized so that as the model equato-
rial magnetic field increases the energy increases, as
noted by the squares and dashed line. This energiza-
tion is not seen by the nose ions because they are
not an equilibrium trapped population, rather they
are a subset of plasmasheet ions that have convec-
tive access to this location, such that stronger B-field
ions also began with smaller magnetic moment in the
magnetotail [Sheldon (1994)].

The 90 keV energy of the nose ions is consistent
with a large polar cap potential, though admittedly
an asymmetric electric field similar to that observed
by CRRES (J. Wygant, unpublished manuscript, 1997)
may be necessary to achieve this doubling of the typ-
ical nose energy. Most importantly, we find that the
ion beam energy, though broader because of the asym-
metric shape, tracks the nose energy more precisely
when we plot it as a ratio (X) than as a difference
(O). This is a most important clue, since the nose en-
ergy is completely determined by details of the mag-
netic topology and convection electric field, whereas
the beam appears to be a local, in situ phenomenon.
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Figure 5. Parameters from the peak fits of Figure
4. Energies of RC (0O), nose (*), beam (A), nose -
beam (Q), and the ratio of nose/beam x 10 (x) are
plotted. Error bars are FWHM from peak fits, since
fitting errors are negligible. Overplotted dashed line
is the model equatorial |B|; and the model MLAT
(dotted line) linearly scaled from -40 to 40 degrees,
with the equator marked with a vertical dotted line.

Discussion and Conclusions

Since these ion beams track the nose ions so closely,
we assume that the acceleration process must involve
an in situ parallel electric field that is somehow re-
lated to the energy of the nose ions. Alfvén’s pio-
neering work on parallel electric fields comes to mind
[Alfvén and Filthammer, (1963), Whipple, (1977)]
where he argues that one can produce a field-aligned
electric field if the electron and ion pitch angle distri-
butions are not identical. Using this event as a guide,
a 90 keV monoenergetic nose ion population of ions
with equatorial pitch angles less than 90° [Sheldon,
(1994)] was superposed on a cold plasmasphere elec-
tron population of very different pitch angles. Accord-
ing to Whipple [1977], this would produce a parallel
potential drop of several kT./e pointing toward the
equator. That is, since an ion of pitchangle a<90°
spends most of its time away from the equator, the
electrons at the equator will experience a force pulling
them toward higher latitudes so as to shield the ion
charge, and ions will be repelled toward -the equa-
tor. This then, is the correct sign of the electric field
to account for the ion beams observed by POLAR
near the equator. However, there is little evidence for
~10 keV electrons, and our data show that the field-
aligned beam tracks the energy of the nose ions, not
the background electrons. A lengthier treatment of
this puzzle will appear in a later paper.

Thus it appears that a parallel electric field is a nat-




ural consequence of storm injections, and may provide
an important link in the storm progression. The pres-
ence of oxygen in the beam suggests that this paral-
lel field penetrates down to nearly ionospheric depths
and may play an important part in the development of
Dgr during storms. The asymmetric shape of the ion
beam spectrum is also suggestive of an extended ex-
traction potential. Could it be that we are observing
the magnetospheric signature of a parallel potential
structure usually observed only in the auroral zone?
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